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Abstract: The main challenge faced by Higgsless models of electroweak symmetry break- 
ing is to reconcile the experimental constraints imposed by the precision electroweak data 
and the top quark phenomenology with the unitarity constraints imposed by longitudinal 
gauge boson scattering amplitudes. In this paper we expand on previous work, giving 
details of how delocalized fermions can be used to adjust the S parameter to zero, while 
keeping the T and U parameters naturally suppressed. We also show that it is possible 
to obtain the top quark mass, without affecting the delay of unitarity violation of the 
W~^W~ W'^W~ scattering amplitude, by separating the mass scales of the fermion 
sector (l/Rf) from that of the gauge sector {1/Rg). The fermion sector scale is 
only weakly constrained by unitarity of the ti — > W~^W~ scattering amplitude; thus the 
ratio Rg/Rf can be quite large, and the top mass can be easily achieved. Anomalous 
right-handed couplings involving the third generation quarks also avoid constraints from 
experimental data l/Rj is sufficiently large. 
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1. Introduction 

The only piece of the Standard Model (SM) that is still missing is the Higgs boson. In 
the SM its existence is required to break the Electroweak symmetry and to give mass to 
the W and Z bosons, as well as to the matter particles. It also provides interactions that 
restore unitarity to massive vector boson scattering at high energies However, it is 
quite possible that these effects arise through other dynamics, with different signatures 
than a neutral scalar boson. We must be prepared for any alternatives that nature may 
have chosen. 

Historically, most scenarios of electroweak symmetry breaking that do not involve a 
Higgs boson occur through strong dynamics. The prototypical example of this is Tech- 
nicolor 1^, ^. More recently, new avenues of Higgsless electroweak symmetry breaking 
have been realized, with inspiration coming from extra-dimensions H|~[p^]- In fact, it has 
been argued that these new Higgsless theories in certain limits may be dual to Techni- 



color |18]-[21|. Like Technicolor, the Higgsless models of electroweak symmetry breaking 
solve the unitarity problem by the exchange of new massive vector bosons, although the 
new states are typically more weakly coupled than the Techni-rhos. In any event, Higgsless 
theories open up new possibilities for physics beyond the standard model, which might 
be revealed at the Large Hadron Collider. More generally, they offer a new framework in 
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which to investigate those theories where the unitary problem is addressed by vector-boson 
exchange. 

Higgsless theories have been proposed in five warped dimensions in five flat 

dimensions with brane kinetic terms |]l^], in six dimensions [^], and in four-dimensional 
theory space |17]. Although differing in details, all of these models have certain generic 
features and phenomenology ||2^. The SU{2) x U{1) electroweak gauge symmetry (with 
possible multiple copies of the 5C/(2)'s or U{l)^s) is broken explicitly at certain places in 
the extra (real or theory-space) dimension, leaving a massless photon and a W and Z as 
the light vector boson states. In addition there is a tower of heavy vector bosons. It is the 
new contribution from these heavy states that delays the onset of unitarity violation. 

The major obstacle that Higgsless theories have faced so far has been in dealing with 
constraints from precision electroweak measurements. Typically, the mixing between the 
W and Z bosons and the tower of heavy vector bosons produces effects which can be 
interpreted as a tree-level contribution to the electroweak S parameter. Whereas the T 
parameter can be made naturally small in these models, the S parameter can only be made 



small either by making T larger [p3, 24] or by increasing the scale of the heavy vector boson 



tower |25]. Neither of these solutions is acceptable; in particular, a mass scale for the heavy 
vector bosons that is sufficient to satisfy the constraints from the S parameter is too large 
to solve the original unitarity problem. 

Recently, a new idea has been introduced to address the issues of the S parameter. 
By allowing the left-handed fermion fields to have some finite extent in the extra dimen- 
sions, it is possible to cancel the vector boson contributions and to satisfy the electroweak 
constraints Although this appears to require fine tuning, it is conceivable that 

a mechanism may be found to make this natural. In any event, it is useful to see how 
far this scenario can be carried in order to produce a consistent alternative theory of the 
electroweak symmetry breaking sector. 

In this paper we extend upon our previous work |27| by looking at the effects of delocal- 
ized fermions in more detail. In particular, we concentrate on the problem of incorporating 
a heavy top quark into this scenario. For simplicity we continue to explore these models 
in the context of the continuum theory-space model of Ref. |27|, but we emphasize that 
the qualitative features that we find should arise in any Higgsless theory with delocalized 
fermions. 

In Section |2| we briefly introduce the gauge sector of this theory. We also describe, for 
comparison purposes, a model (I) of the fermion sector with the fermions localized in the 
extra dimension. In Section ^ we give the details of our new model (II) of the fermion sector, 
where the fermions have some leakage into the extra dimension. We analyze the solutions 
of the mass equations, and show that masses of all the light fermions are easily obtained, 
except for the top quark. We also show that by introducing some simple assumptions in the 
fermion sector we can suppress flavor-changing neutral currents, leading to the standard 
Cabbibo-Kobayashi-Maskawa (CKM) mixing pattern. 

In Section ^ we show that in Model II with delocalized fermions, it is possible to have 
the S, T and U parameters agree with data. We then return to the question of the top 
quark mass in Section ^ and show that it can also be obtained by introducing an explicit 
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breaking of the five-dimensional Lorentz symmetry in the fermion kinetic terms. Since 
this symmetry is already explicitly broken by the compactification, as well as in the brane 
terms, there are no theoretical barriers to this. By allowing an additional scale factor 
for the fifth-dimensional kinetic term for the fermions, we are able to separate the scale 
of the fermion masses from that of the vector boson masses. This allows us to obtain a 
realistic mass for the top quark, while simultaneously suppressing any dangerous right- 
handed couplings. However, just as in the vector boson sector, the scale of heavy fermions 
cannot be too large without running into unitarity problems. We address this question 
in Section ^ where we consider the scattering of polarized top quarks into longitudinal 
vector bosons [1^1^ W^W£ , where L refers to the helicity A = — for the fermions and 
L means longitudinal for the VF's). In the standard model this amplitude is unitarized 
by Higgs boson exchange. We show that in our model, it is unitarized by the tower of 
b' quarks. By requiring that the J = partial wave amplitude remain less than 1/2 up 
to some energy scale, we obtain a constraint on the mass scale of the b' states. We then 
investigate this constraint in conjunction with the constraint on the scale of the W states 
coming from unitarity of vector boson scattering. 

Finally, in Section ^, we will offer our conclusions. 



2. Higgsless Theory with Fermions 



2.1 Gauge Sector 



We will use the continuum theory-space model of Refs. |17] and |2?] to explore the interplay 
of the fermion sector in a Higgsless theory. First, we summarize the gauge sector. It is an 
SU{2) gauge theory, defined on a fifth-dimensional line segment, < y < ttR, where the 
boundary conditions break the gauge symmetry down to U(l) at one end of the interval. 
The five dimensional action is 



ttR 



dy d X 



4(vri?)ffi 



W 



aMN 



MN 



-6i7TR - y) 



1 o 



(2.1) 



where, in this equation, the indices M, A'" run over the 5 dimensions, and we impose the 
Dirichlet Boundary condition, = 0, at y = ttR for a ^ 3. The boundary kinetic energy 
term at y = is defined by interpreting the (5-function as 6{y — e) with e — > 0"*" and the 
fields having Neumann boundary conditions, dW^/dy = 0, at y = 0. The (^-function and 
the field at y = ttR should be interpreted similarly. Note that in the limit of small g 
and g' the theory looks like an SU (2) gauge theory and a U{1) gauge theory, living at the 
left and right ends of the fifth-dimensional interval, respectively. It is the bulk fields that 
connect the SU{2) and the U (1) theories, and transmit the breaking of the theories down 
to a single U{\)em- 
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The five-dimensional gauge fields can be expanded in a tower of four-dimensional 
Kaluza-Klein (KK) states: 



W^^^{x,y) = Y,Uv)Wt''{x) 

n=0 

oo 

W^^{x,y)=eA^^{x)+Y,gn{y)Z>f,{2 



(2.2) 



n=0 



where Wn^ has mass mw^^ and Zn has mass mz„- The lowest states of the tower, W^^ 
and Zq , will be identified as the standard model and Z bosons, respectively. The 
masses satisfy the equations 



mH/„tanmH/„ = 



tan mz^ 



12 



(2.3) 



where A = (7/55, and A' = g' /g^, and we have introduced the notation rh = rmrR for 
dimensionless scaled masses. Solving for the masses perturbatively in A^ and A'^, we obtain 

A2 



2 _ 2 



2 _ 2 



(7ri?)2 

A2 + y2 

M)^ 



1 - ^ + O(A^) 

\2 I \/2 \2 \/2 

l-^^ + T^4^ + 0(A^ 



for the standard model gauge bosons, and 



r) 
r) 



1 + 2 
1 + 2 



A^ 



A2 + A'2 



vrn 



A2 + A'2 



2 + W 
\/2 

+ 0(A^ 



(2.4) 



(2.5) 



for the heavy gauge bosons. 

Solving the equations of motion and applying the boundary conditions in the fifth 
dimension, gives the following gauge boson wave functions: 



/n(y) = Fn sin [mw„{TTR - y)] 

9n{y) = Gn 



cos{mz„y) - sin(mz„y) 



(2.6) 



Requiring the KK states to be canonically normalized in the four-dimensional Lagrangian, 
and using Eqs. ( |2.3| ) to simplify, leads to the following expressions for the normalization 
constants: 



Gn = 95 



1 / _^ sin 2mw„ 

2 V 2mw„ 



in 



sin 2m z„ 



-1/2 



1 ■ 2 ^ , "^z„ 
+ ^sm mz^ + ^ 



1 + 



sin 2mz„ 



-1/2 



(2.7) 
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Expanding perturbatively in and A'^ gives 

A2 



Fn 

Go 

Gn 



1 + - + 0(A4) 



V2g 



A 



A2 



+ 0(A^ 



VA2 + A'2 
V2gX 
rnr 



2(n7r)2 
^ A^ + 2A2A'2 



6 (A2 + A'2) 
2 (nvr)^ 



= 1,2,.... 

+0(A^ 



n 



1,2, 



2.2 Fermion Sector: Model I 



It is useful to consider first a model with localized fermions, for comparison purposes. The 
continuum limit of the fermion action considered in ref. llTIl can be written 



rR 



(2.9) 



= 

where the covariant derivatives on the left- and right-handed fields are 

^ViJ = - iYnWHy)) i^R ■ (2.10) 

Note that the left-handed field TpL hves at y = but couples also to the gauge field W"^ 
at y = ttR. This non-locality is perfectly natural from the standpoint of a continuum 
theory-space model. In the theory-space interpretation W^{0) and VF^(7ri?) are just the 
gauge fields for independent SU{2) and U{1) gauge groups, and y is a (continuous) label 
for the independent gauge groups. 

To give the fermions a mass in this model, a nonlocal mass term involving a Wilson 
line running between the two branes must be included. However, the most critical problem 
with this fermion action is that it produces electroweak radiative corrections that are too 
large. Therefore, we are led to a theory with delocalized fermions. 



3. Fermion Sector: Model II 

Drawing on the analogy of the gauge action (p.l|), which has SU (2) and U{1) kinetic terms 
peaked at the two ends of the interval and connected through the bulk kinetic term, we 
considered in Ref. [ p7| a theory with left-handed and right-handed fermion kinetic terms 
peaked at the two ends of the interval and connected through a bulk fermion kinetic term. 
The fermion action is 

fTTR 



Sim 



dy 



d^x 



1 - I 1 - ' 

+5{y)^i'4)Lpi'L + 5{ttR - y) y -^iurPur + -^idRpdn 



UR 



,(3.1) 
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The five-dimensional Dirac matrices are defined in terms of the four-dimensional ones 
by = (7^^,— ^7^). The five-dimensional fermion is equivalent to a four-dimensional 
Dirac fermion, tp = tpL + fpR, where ipL and ipR are SU{2) doublets, ipi = {uL,dL) and 
ipR = iuR,dR). We have written the action for one doublet, consisting of an up and a 
down quark. We will discuss the possibility of more generations and mixing in Section |3.2|. 



We can assume the bulk mass M to be real in Eq. (3.1) without any loss of generality. 
Any imaginary part of M can be removed by the replacement tp — > e^^^^^^'^'^^tp. The sign 
of M, however, is physical. The boundary kinetic energy term at y = is defined by 
interpreting the (5-function as 6{y — e) for e — > 0"*" with the boundary condition tpR = at 
y = 0. Similarly, the boundary term at y = irR is defined by interpreting the 5-function as 
6{7rR — y + e) with the boundary condition tpL = at y = ttR. The general treatment of 
possible fermion boundary conditions can be found in Ref. 0. 
The covariant derivative in Eq. ( |3.lD is 



DMi; = {dM - iT^'WM - iYLWl.iTTR)) V, (3.2) 

where is the ipL hypercharge. At the interval ends the four-dimensional part of the 
covariant derivative (^) becomes: 



'B-iYn]f\7:R))ijR, (3.3) 



where the ipR hypercharge, Yr, is related to Yl by Yr = + Yl, as in the SM. Note that 
Yr is a 2x2 diagonal matrix, with the ur hypercharge on the upper left, and the (Ir hy- 
percharge on the lower right. Therefore, at y = ttR the covariant derivative term, ipRpipR, 
splits into two separately gauge invariant terms, URpUR and dRpdR, as in Eq. (|3.lD . Note 
also that in the limit of small ti, tu^, and td^ the action S^^^^ describes massless left-handed 
fermions gauged under an SU{2) x U{1) group living on the left end of the fifth-dimensional 
interval, and massless right-handed fermions gauged under a C/(l) living on the right end 
of the interval, exactly as in model I. It is the presence of the bulk fields which allow these 
light states to communicate with each other, supplying the analog of the Yukawa coupling 
of the SM, and giving mass to the fermions. 

3.1 Fermion Masses and Wave Functions 

Let X denote either u, the up-type fermions, or d, the down-type fermions. The fermion 
fields can be expanded in a tower of four-dimensional KK states: 

00 

XL{x,y) = '^an{y)xnL{x) 

n=0 

00 

XRix,y) = ^l3n{y)xnR{x) . (3.4) 



n=0 
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The four dimensional fields Xn^ ^-i^d Xn^ are the left-handed and right-handed projection, 
respectively, of a mass-m„ Dirac fermion, Xn = Xul + Xnu ■ Wave-function and mass equa- 
tions are obtained by diagonalizing the free-field action. Turning off the gauge couplings, 
the action of Eq. ( |3.1| ) becomes S^^'^ + Sll^'^, where 



-•free 



ttR 



dy / d'^x 



{iXL^XL + iXR^XR 
{XRdbXL - Xid^XR + h.c.) - M {xrXl + XlXR. 

+^{y - e)4-m^XL + - e - y)^ixR9xR 



(3.5) 



In Eq. ( |3.5D we have explicitly included a finite e to push the delta-function terms 
slightly away from the interval ends, allowing us to unambiguously impose the boundary 
conditions 



XR = at y = 
XL = at y = ttR . 



(3.6) 



The field equations in the bulk can be obtained by variation of S^^^'^. Integrating these 
equations around the delta-functions, taking the limit e ^ 0, and using the boundary 
conditions (^^), leads to alternative expressions for the boundary limits:* 



lim XR 
lim XL 

y^nR 



1 



t 



i^XLiO) 



L 

--^i^XR{-^R) 

^XR 



(3.7) 



It is now most convenient to treat the action as finite in the bulk (0 < y < ttR) with 



Eq. (3/7) as boundary conditions. In this case the bulk equations of motion become 



dn + Man - rUnPn = 
0n - MPn + mnOn = , 



(3. 



with the boundary conditions 



PniO) 
Oin{T^R) 



m. 



ran(O) 



-5^/3n(vri?) . 

^XR 



(3.9) 



(Recall that masses with a hat are expressed in units of (vri?)"^; i.e., m = mnR.) The 
solutions to these equations are simplest in the case of zero bulk mass M. We study this 
case first and then look at the numerical solutions for nonzero M. 



*Comparing Eq. (3.6) with Eq. (3.7), we see that xr has a discontinuity at j/ = 0, but xl is continuous. 
Similarly, xl is discontinuous ai y — nR, but xr is continuous. 
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(i) M = 0. With no bulk mass, the solutions of Eqs. (3^) are 



-A 



cos(m„y) 



sin(m„y) 



m. 



— cos(m„y) + sin(r?T,„2/) 



(3.10) 



Applying the boundary conditions given in Eqs. ( |3.g| ) to these solutions leads to an equation 
for the fermion masses, 



{ti + t^j^)mn tanm„ + m. 



^2 



,2 ,2 



(3.11) 



The lowest mass state of the KK tower corresponds to a standard model fermion. This 
light mass can be easily obtained in a perturbation expansion if we assume tj^ to be small: 



mo 



tit 



XR 



(3.12) 



If we also assume t^^ to be small, the heavy state masses are 



vr n 



1 + 



XR 



; n = l,2. 



(3.13) 



The normalization factor An can be fixed by requiring that the KK states be canonically 
normalized in the four-dimensional Lagrangian. We obtain 



-Ar. 



sin 
2m„ 



1 



+ ^ cos mn + ^ ( 1 



sin 2m„ 
2m„ 



-1/2 



(3.14) 



For t\ small this gives 



Ao=tL 



2(l + iL)' 



(3.15) 



for the lightest state, and for both and t?, small this gives 



(n-i) 



vr 



3 tl + t^ 



XR 



2^2 



(n-i)- 



+ o(t' 



1,2 



(3.16) 



for the heavy states. 

From Eq. ( p.l2| ) we see that the lightest fermion mass is suppressed by the factor tit^j^. 
For small values of these parameters this lightest Dirac fermion lies mainly on the branes, 
with small contribution from the bulk. The left-handed bulk wave function ao{y) goes to 
zero as ti — > 0, and the right-handed bulk wave function Poiv) goes to zero as tR 0. 
Since the fermion masses arise from the Ss-terms, which mix left-handed and right-handed 
wave functions, it follows that niQ goes to zero, as either t/, — > or t^j — > 0. 
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-3-2-10 1 2 3 

M (TeV) 

Figure 1: Masses of fermions, as a function of the bulk mass, for tL = 10"\ tR = 1, and 1/R = 500 
GeV. 



Note also that Eq. ( 3.12| ) and Eq. (3.13) are symmetric in ti and t^^. This was 
expected, since the mass equation is tL — t-^j^ symmetric. However, we shall treat and 
ty-j^ differently. For starters, tL is an SU(2) invariant parameter, whereas t^.^^ can have 
different values for the up and down fermions. We shall take this distinction further by 
assuming that tL is universal for all quarks and leptons, and that the different particle 
masses are determined by t^^. We shall find in section ^ that if is of order A, it can 
be used to cancel the positive contribution to the S'-parameter that comes from the gauge 
sector. To have an idea of the orders of magnitude involved, let us assume R^^ ~ 1 TeV 
and ti ~ A ~ 10~^. Then t^j^ ranges from ~ 10~^^ for the lightest neutrino, to ~ 10~^ 
for the charm quark. We shall return to the issue of the third generation quarks shortly. 



(ii) M 7^ 0. For nonzero bulk mass, the analysis is similar; the equations are just a bit 
longer. The equation for the fermion masses becomes 



+ tlt^ 



Xr 



)M + 



(tl + t' 



Xr. 



Tirrir. 



tit 



2 

Xr 



(3.17) 



where the function T{mn) depends on the relation between m„ and M: 



T{mn) 



tan \/ rh'^—M'^ 



tanh \/ M^—m'^ 



for 



for 



m-n > \M\ 



\M\ > 



(3.18) 



For a large and positive bulk mass M > 0, M ^ 1, there is one light solution to this mass 
equation, given approximately by 



ml 



-2M 



(3.19) 



For a large and negative bulk mass M < 0, |M| ^ 1, there are two light solutions, which 
are asymptotically given by (for < t^^^) 



mn 



2\M\tj 



m? 2\M\tl 



XR 



(3.20) 



This behavior is displayed in Fig. |T], where we plot the mass states as a function of the 
bulk mass M, with the other parameters fixed at ti = 10~^, t^ji = 1, and 1/R = 500 
GeV. The transformation M — > —M can be shown to be equivalent to a reflection in the 
fifth dimension. Since the boundary conditions ( |3.6| ) that we have imposed are asymmetric 
in this reflection, we obtain the asymmetric behavior in M — > —M of Fig. ||, even in the 
absence of the brane kinetic terms. The heavier modes are less asymmetric, because they 
are less affected by the boundaries. 

3.2 Multiple Generations and Fermion Mixing 

It is not difficult to implement multiple generations in our fermion model II . In general 
the bulk mass, M, and the normalizations of the brane kinetic terms, i^^, and t^^, 
would be independent 3x3 matrices for both the leptons and the quarks. However, 
this proliferation of mixing matrices would open the door to large fiavor-changing neutral 
currents, which must somehow be avoided. The simplest way to achieve this is to restrict all 
of the flavor physics to the right brane, and impose a global C/(3)quark x t^(3)icpton symmetry 
on the quark and lepton doublets in the bulk and on the left brane. This flavor symmetry 
would only be broken by the kinetic terms on the right brane (which, incidentally, is also 
the only place where the SU(2) weak gauge symmetry is broken). The generalization of 
the fermion action in Eq. (|3.1|) is 



dy d X 



1 



±. (^^^t'^'Dm^' + h.c. - MV^V* 



+(5(2/)-^#iM + - y) (iuiiK^pu^R + id%K'lPd=R 



, (3.21) 



where i and j are generation indices, and there is an equivalent contribution for leptons. 
In principle the and M parameters, as well as the K matrices, can be different for 
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the lepton and quark sectors. The five-dimensional fermion fields ^"s can be considered 
four-dimensional Dirac fermions, which are also SU (2) doublets: 

= + (3.22) 

The quark sector matrices and are arbitrary Hermitian matrices; however, we 
can exploit the f/(3)quark symmetry of the quark fields in the bulk and on the left brane to 
reduce the number of real physical parameters to 9 -|- 9 — (9 — 1) = 10, where we have taken 
into account the fact that the U{1) part of ?7(3) is just an overall phase symmetry. We can 
identify these 10 parameters as the six quark masses, and the four physical parameters of the 
CKM matrix. To see how this works, we first perform an SU{3) transformation on the ip"^ 
to diagonalize Ku- Thus, without loss of generality, we can assume Ku = {iZfa)^^^ ■ ^^"^ 
also assume that K^^ is diagonalized by a unitary matrix V , so that K^^ = V'^^{t'2^^{y'^)^K 
We now relate the (primed) gauge eigenstates to the (unprimed) mass eigenstates by the 
redefinition d^l ji = V^^d^^ ^. The action now becomes 

= j^"" dy j d^x (^1v^T*^Z)m^' + h.c.-MV;>*) 

,(3.23) 



UiR dm 



where 





The unitary matrix V corresponds precisely to the CKM matrix in the SM, only arising 
in terms that involve the exchange of charged SU{2) gauge bosons. Just as for the CKM 
matrix, it can be reduced to three real parameters and one phase, via five independent 
phase redefinitions of the ul,r and d^^R fields. 

It is not difficult to see that any implementations of the SM can be mapped into 
this picture. In the lepton sector, for example, we could induce a see-saw mechanism by 
including a Majorana mass term for the neutrino, at y = ttR: in that case the matrix V 
would contain two more physical parameters, corresponding to the Majorana phases of the 
MNS matrix. Alternatively, we could have a zero-mass neutrino, by imposing the boundary 
condition = at y = irR. In that case the number of physical parameters would be 
9- (9-3) =3, corresponding to the three lepton masses. 

4. Electroweak Constraints 



In Ref. 1 17] we showed that the electroweak constraints in model I could be parametrized 



to order A in terms of the oblique parameters S, T, and U [^]. In Ref. |27| we found that 
this result also applies to model II if we assume that ~ A and we neglect the contribution 
of ty.^. In this section we shall review these results, filling in some of the details for both 
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models. We also extend these results by investigating the effects of a small but nonzero 

We begin by discussing the couplings of the light fermions to the tower of vector bosons. 
The simplest coupling to obtain is just that of the massless photon. Normalizing the four- 
dimensional photon field, we obtain a relation for the electromagnetic coupling that is valid 
in all of the fermion models considered in this paper: 

^'={^2+-2+\Y ■ (4-1) 

\55 9 9V 

This relation holds, independent of how the fermions are incorporated in the model, due 
to the fact that the photon wave function is flat. 

The couplings of the light fermions to the charged and neutral vector bosons can be 
expressed in terms of the following interaction Lagrangians 

C-CC = [g^Lnll^PL + QRnll^PR] d + h.C. 

Cnc = Zili; [g^^T^-y^PL + g^^T^J^^PR + ^q^QT/.] V' + h.c. . (4.2) 
Let us investigate these couplings for both models. 

(i) Couplings in Model I. In model I with brane-localized fermions the couplings are 

determined by the values of the light boson wavefunctions at the boundaries. The right- 
handed couplings are both zero, 

= S^'" = , (4.3) 
while the remaining couplings are given by 

9Ln^'^ = fn{0) 

g^^^'^ = gn{0) - gniTTR) 

9Qn^'^ = 9n{^R) . (4.4) 

It is not difficult to show that the couplings of the fermions to all of the heavier vector 
boson states in model I are suppressed by a factor of mw/'mWn ~ A/ {nir), relative to their 
couplings to the standard model W and Z. We find for n > 1 



NCil) 
9Ln 



\ mw„ J 9^ 



\ '"'Wn j y 

This implies that the contribution of the heavier vector bosons to four-fermion operators at 
zero-momentum transfer are suppressed by a factor of relative to the standard model W 
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and Z contributions. (There is a relative factor of from the couplings and an additional 
factor of due to the heavy vector boson masses in the boson propagator.) Therefore, 
to order A^, we only need to consider the couplings to the standard model W and Z for 
electroweak precision measurements. 

We have now seen in model I that only the couplings g^^, and are relevant 
to electroweak precision measurements at order A^. Therefore, the deviations from the 
standard model can be parametrized in terms the oblique parameters 5, T, and U p6| . 
Any additional universal parameters, such as those considered in Ref. can be neglected 
at this order. Following Ref. [^], the 5, T, and \J parameters appear as deviations in 
relations of the universal couplings of the fermions to the W and Z gauge bosons. Taking 
a, mvK, and mz as the fundamental input observables, we find 
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(4.6) 



where c = m\^/mz and s = (1 — c2)-'^/2^ xhe choice of a, mvi^, and mz as inputs is 
convenient for our purposes, since their relation to the parameters in the Lagrangian is 
independent of how the fermions are incorporated into the theory. Thus, s and c, and 



therefore equations (4.6) are independent of which model of fermions we are using. Note 
that our choice of definition for sin2 9w is different from that used in Ref. [ 38 1 . 
In the fermion model I, we obtain 
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Thus, we find in this theory 



- [1 + AV6 + 0(A4)] 
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- [i + aV6 + o(a^)] 



sc 
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- [1 + 0(A^)] 



(4.7) 



aS = 2s^\^/2, 
aT = 
aU = . 



(4. 



This nonzero S in fermion model I is problematic, because in order to make it small enough 
to be compatible with data, the tower of vector boson states must be too heavy to salvage 
the unitarity bound. 



(ii) Couplings in Model II. Let us begin by assuming that t-^j^ = 0. To the extent 
to which we can neglect t^^^, the right-handed couplings of the light fermions, g'j^^ and 
9Rn^ are also negligible. The remaining couplings of the light fermions in Model II can be 
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expressed 
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(4.9) 



For = 0, the left-handed fermion wavefunctions within a doublet are identical, = a^- 
If we assume that ~ A, the couplings of the light fermions to the heavier vector 
bosons are suppressed by a factor of mw/'mwn ~ A/(n7r), relative to their couplings to the 
standard model W and Z, just as in model I. Although the bulk fermions have a larger 
overlap with the heavy vector bosons (of order 1/A^), this is compensated by the small 
probability for the light fermions to leak into the bulk (of order t\). Thus, the only effect 
is that the expressions ([4.5[) for model I are multiplied by an overall coefficient of order 
t\/}? ~ 1. As an example, for M = 0, the left-handed charged-current and neutral-current 
couplings are modified, for n odd, to 
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The g^n^^^^ ^^^^ 9Ln^^^^ couplings, forn > and even, are not affected by the delocalization 
at leading order, and the Qq^^^^^ coupling is not affected at any order. Thus, the argument 
for ignoring the contributions of the heavy vector bosons to four-fermion operators holds 
equally in model II, as it did in model I. 

As for the couplings q'^q and g^^ of the light fermions to the standard model vector 
bosons, they are multiplied by a small suppression factor in model II, relative to the cou- 
plings in model I. This is seen from the fact that the fermion wave functions are normalized 

by 
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while the factors in parentheses in equations 
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are positive and less than one: 
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The suppression factors for g'^^ and g^^^ are identical to leading order in A 



NC 



Evaluating the integrals, we obtain 
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where 



A = e-M!^ - i 1 - e-*^ . (4.14) 
M 2M\ M 



In the hmit M ^ we find A ^ 1/2 . This was the main result of Ref. |27]. By 
allowing the fermions to extend into the bulk, as in model II, one can cancel the effects of 
S in electroweak measurements. Comparing Eq. ( [4.13 ) with Eq. ([4.7|), we see that S can 



effectively be set to zero (while retaining T = U = hy the choice 

A = ^ ■ (4.15) 

Finally, let us now consider the effects of a small, but nonzero t-^^. A small t^^^ will 
modify the couplings ff^^, 9^^^ and Qq^ only slightly, since it only contributes at order 
at the earliest. The most important effect will be the introduction of nonzero right-handed 
couplings for the light fermions: 

9Rn = dy—fn{y)f3uo{y)f3do{y) 

9Rn^''^ = dy^{gn{y)-gn{^R))Uyf ■ (4-16) 

For small Ir, we note that f3^{y) ~ 0{t^j^), so that the right-handed charged couplings 
will only be important for the third generation. Up to corrections of order A'^ and t^, we 
obtain for M = the following right-handed couplings between the light fermions and the 
standard model W and Z bosons: 

9Ro'''' = itl^[^ + 0{X\t^)] , (4.17) 

where c = mw/mz- 



5. The Top Quark 



In Section 3.1 it was shown that the fermion masses are suppressed by the factor iit^fl- 
In Section ^, we saw that we could choose to cancel gauge sector contributions to the S 
parameter, thereby relating to A by Eq. ( [4.15 ). Thus, we are left with t^^^ as the final 



degree of freedom to fit the fermion masses. This works well for all of the light fermions, 
except the top quark. 

Recall that the overall mass scale is set by 1/R, which is required to be less than about 
a TeV in order to sufficiently delay unitarity in W^W£ — > W^W£ scattering. Then with 
ti fixed to cancel the contributions to the S parameter, it is impossible to obtain a realistic 
top quark mass of 175 GeV. For example, for 1/R = 500 GeV, M = 0, and fixed by 
Eq. ( 4.15| ), the lightest fermion mass solution to Eq. ( 3.17| ) has a maximum value of about 
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50 




M (GeV) 

Figure 2: Mass of the lightest fermion, as a function of the bulk mass, for II chosen to adjust the 
S'-parameter to zero, and l/R = 500 GeV. The curves correspond to several values of t^j^, from 
10~^ to infinity. 



45 GeV. Even if we allow the bulk mass M to be nonzero, we cannot do much better, 
since Eq. ( |4.15| ) involves M in a dramatic way. In particular, when M — > — oo, ti tends 
exponentially to zero, and so does mg. In the other limit of M ^ oo, the solution for mo 
itself is exponentially suppressed, as shown in Eq. (|3.19| ). Thus we find a peak near M = 
in the curve for mo as a function of M (for fixed t^js)' shown in Fig. ^. From this curve 
with l/R = 500 GeV, we find that the maximum possible quark mass for any value of M 
is about 47 GeV, which occurs for t^^^ set to infinity. 

One possible way to solve this problem is to allow a different ti for the third generation 
of quarks. This approach might be viable, since the constraints on the S parameter do 
not directly involve the third generation fermions. However, we find it unattractive, since 
universality of ti (and M) was the simplest way to avoid any dangerous fiavor-changing 
neutral currents. An alternate solution that we prefer is to allow a different size of R 
for the gauge sector and the fermion sector. This possibility had been suggested in the 
context of the warped-space model in Ref. |26]. It is even more sensible in the context of 
a theory space, since there is no reason for the coefficients of 'i/jr'^L)„'0 and ipT^D^t/; to be 
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identical, in the bulk sector of Eq. (|3.l| ). In terms of the deconstructed |3J] version of 
the theory, this just corresponds to allowing the gauge couplings and the Yukawa couplings 
to be independent of each other [^]. The most general extension of model II, with y- 
independent parameters, is described by the action S + S^^^^', where S is just the gauge 
sector action given in Eq. (|2.lD, and 



firR 
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('ip^T^'D^^ + k (U[,iT^D^^ + h.c. ) - M^'V' 



+S{y)^i'4^Lpi^L + (^(vri? - y) I -^iuRlpUR + -^idRpdn 
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,(5.1) 



where k is a new parameter.^ Rescaling the parameter y hy y ^ y' = y / k, the action 
becomes identical to S^^^\ with R replaced by R/k,} Therefore, the gauge sector 
mass scale, l/Rg = l/R, and the fermion sector mass scale, l/Rj = n/R, are independent 
quantities in theory space: setting Rf = Rg is an unnecessary and arbitrary choice. 
With the action S^^^^' replacing S^^^\ the fermion masses are (for M = 0), 



mo 



tit 



xr 



1 + 



^2 



KIT \ n 

2 



1 + 



XR 



TT' 



n 



1,2, 



(5.2) 
(5.3) 



Now we can account for mt by simply increasing k. Furthermore, it is now possible to 
suppress the right-handed couplings in Eq. ( |4.17D , since a larger k requires a smaller t^-^ to 
obtain a given fermion mass. Of course k (and ^/Rf) cannot be too large, due to unitarity 
constraints similar to those which give bounds on 1/i?^. In the case of 1/Rf the limits 
come from scattering processes such as ti W^W^ . We shall investigate these unitarity 
bounds in the next section. 



6. Unitarity Constraints 

Here we shall restrict ourselves to considering the unitarity bounds coming from the tt — > 
W^W^ scattering process. General constraints on couplings in Higgsless models from this 
and related processes have been considered previously in Ref. ||3^. In the SM, the tree-level 
ti —>■ W^W^ scattering amplitude is given by the four diagrams of Fig. ^(a). If t and t 
have opposite helicities, the 7- and Z-exchange diagrams produce quadratically divergent 
terms, in the high-energy limit, which are cancelled by the 6-exchange diagram The 
Higgs boson is not involved in this cancellation, which is confined to the J = 1 partial 
wave, so there is no quadratic growth of the amplitude with energy, regardless of the Higgs 

^From an extra-dimensional point of view, this action corresponds to a theory with a microscopic brealting 
of the five- dimensional Lorentz invariance, in addition to the macroscopic breaking due to the compactifi- 
cation. 

'''The only difference is the interaction term with W^, which is zero in unitary gauge anyway. 
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SM. (b) Same process, in theory space. 



boson mass. If t and i have the same hehcity, the 6-exchange diagram produces a Unearly 
divergent high-energy term in the J = channel, which is cancehed by the Higgs boson 
exchange diagram. 

In our Higgsless model the Higgs boson exchange diagram, of course, does not occur. 
The 7", Z-, and 6-exchange diagrams are supplemented by corresponding diagrams with 
exchange of heavy Z^s and b^s, as shown in Fig. ^(b). As 1/Rf oo, these heavy Z^s 
and bnS are removed from the theory, and it becomes equivalent to the SM without the 
Higgs boson. Thus, it is reasonable to expect that the cancellation that occurs for opposite 
helicity t and i in the SM also occurs in our Higgsless model, and that the amplitude does 
not display quadratic energy growth at any scale. We have directly verified this in our 
model. However, if the t and t have the same helicity, the linear growth in energy, that was 
cancelled by Higgs boson exchange in the SM, now must be cancelled by some other sector 
of the theory. In our Higgsless model this cancellation occurs through the 6„-exchange 
diagrams. In this respect, the heavy 6-quarks play the role of the SM Higgs boson for this 
scattering process. 

In Ref. 1 17] we used the quadratic growth in energy of the W^W^ ^l^l scat- 
tering amplitude to place approximate bounds on the scale 1/Rg, where the heavy vector 
states come in to restore unitarity. We can now do the same here, using the tt —>■ W^W£ 
process to place approximate bounds on l/Rj- Note that, since the fermion amplitude 
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only shows linear growth with energy in the high-energy limit, the corresponding limits on 
the heavy fermion states will be significantly weaker. 

For left-handed t and t, the J = partial wave amplitude is given by 
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where 
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On 

E and p are the t (or t) energy and momentum, respectively, k is the (or VF^) 
momentum, and rrn,^ is the 6n mass, with rah^ = mi,. The functions /(x), g'(a;), and /i(x) 
are 



fix) 

a{x) 



1, 1 + 2; 

—in 

X \ — X 



l-^lni±^ 
2x 1 — X 



h{x) = -2 1 



1 — X^, 1 + X 



2x 



In- 



1 — X 



(6.3) 



The couplings and /i^^ are obtained from the generalizations of Eqs. ( [4 .91 ) and ( 4.16| ) 
by replacing u ^ t, d ^ bn, and W„ — > Wq = that is§. 
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For M = 0, to leading order in t'j^, t^^, and A^, they are 



h^^ - n 
'^Rn — 9 



-1) 



n+1 



+ 



2t 



tR 



= 5 [1 + Oif 

V2tL 

/.go^ = 9^^^ [1 + 0(t^)] 



[l + 0(t2)] ; n= 1,2, 



^/2 



it. 



[l + 0(t2)]; n = l,2,.. 



(6.5) 



-19- 



40 



30 



Hi 



20 



a/s" = 10 TeV 



^1 



10 




0.4 0.5 0.6 0.7 0.8 0.9 1 

1/Rg (TeV) 



Figure 4: Bounds imposed by unitarity constraints on the tt ^ W^Wj^ scattering at \/s =10 TeV 
(upper curve), and the W^Wj^ ^l^l scattering at ^/s =10 TeV and =5 TeV (vertical 
Unes), in the (l/i?g, 1/i?/) plane. Specifically, we have assumed the requirement of aq < 1/2 for 
both scattering processes. The tt W^W£ scattering at y/s =5 TeV imposes no bound, since at 
this energy even the SM without Higgs boson does not violate unitarity. The two curves on the 
bottom correspond to the minimum value of 1/i?/ which allows a top mass of 175 GeV to be a 
solution of the mass equation for AI — (lower), and the minimum value of 1/i?/ which gives a 
tbW right-handed coupling in agreement with the experimental constraint (upper). 



In the high energy limit, Eq. (|6.1| ) becomes 

aoit.h - WtW^) ^^^f: Uh<l^f + {h%^f - 2^h1^:h%^) . (6.6) 

JZTT m^^ \ mt / 

It is straightforward to show that this vanishes, to leading order in tj^, t"^^, and A^, using 
the couplings given in Eq. (|6.5|) and the masses given in Eq. (^) and Eq. (|5.3D , applied 
to rrit and rub^, respectively. In fact, using the completeness relations 

n=0 ^ L ^ 

^In this section we have omitted the superscript "(II)" on the gauge couplings. 
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Figure 5: Right-handed tbW coupling, in units of e/s, for 1/Rg — 550 GcV, as a function of l/Rf- 
The horizontal line corresponds to the experimental bound of Ref . [M . 
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as well as the equations of motion, Eq. (| 
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Therefore, this cancellation is exact in this model for any values of the couplings, and the 
linear growth in energy at high energies does not occur. 

Of course, the cancellation of the term that grows with energy is not a sufficient condi- 
tion for the unitarization of the amplitude: the latter could stop growing after unitarity is 
already violated. The heavy 6-quarks should come into play early enough to cancel the bad 
high-energy behavior, and this is only possible if l/Rf is not too large. Enforcing Eq. ( 4.15| ), 
to keep S fixed at zero, and setting M = 0, the only parameters that are not fixed by the 
light SM fermions and bosons are Rg and Rf, which set the scale for the heavy vector 
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bosons and the heavy fermions, respectively. We can put some reasonable constraints on 
these two parameters by requiring that the titL — > W^W£ and the W^W£ ^l^l 
scattering amplitudes remain unitary up to some value of the center-of-mass energy y/s. 
As an example, in Fig. Q we display the region in the {1/Rg, ^/Rf) plane that is allowed 
by the requirement that oq < 1/2 up to ^/s =10 TeV or ^/s =5 TeV for both scattering 
amplitudes^. As expected, we see that 1/Rf can indeed be much larger than 1/Rg. If 
we require the theory to respect unitarity up to y/s =10 TeV in both amplitudes, we find 
1/Rg < 570 GeV and 1/Rf ^ 32 TeV. If we use the weaker requirement that the theory 
only respect unitarity up to ^/s =5 TeV, then we find 1/Rg < 720 GeV, while there is 
no constraint on 1/Rf, since the titL — > ^t^L scattering amplitude does not violate 
unitarity at this energy even in the SM without a Higgs boson. Of course, any bounds 
on 1/Rg and 1/Rf depend on the somewhat arbitrary scale choice for ^/s, where the low 
energy Higgsless theory has broken down. 

Lower limits on the scales 1/Rg and 1/Rf can be obtained from experimental input. 
In Ref. 1 17] it was estimated that 1/Rg ^ 500 GeV from limits on W' and Z' states with 



appropriate couplings. This lower limit should be even weaker in model II, with delocalized 
fermions, since the coupling between the light fermions and the heavy vector states have 
an additional, order one, suppression relative to that in model I, as given in Eqs. (lIlCl ). 
For the case of 1/Rf, a minimal requirement is that it be large enough to accommodate a 
top quark mass of 175 GeV. This is displayed in the lower curve on the bottom of Fig. ^. It 
gives a lower bound of 1/Rf ^1 — 3 TeV, with the dependence on 1/Rg entering through 
the condition imposed by Eq. ( [4.151) . However, this curve corresponds to an infinite value of 
ttj^ , which is not viable. Tighter constraints can be obtained by limits on the right-handed 
thW and ttZ couplings, which are evaluated to lowest order in t^^ in Eqs. (|4.17| ). For 
example, in Ref. pO| it is estimated, using experimental results on the 6 ^ 57 process, that 
h, W^)/g < 0.4-10"^, at the 2a level. The corresponding bound onl/ Rf is displayed 
in the upper curve on the bottom of Fig. ^. For the particular value of 1 /Rg = 550 GeV, we 
can see how the coupling g^'^{t, b, W^)/g (where we have used g = e/s) varies with 1/Rf 
in Fig. ^. The experimental bound is satisfied for this value of 1/ Rg hy 1/ Rf > 3.6 TeV, 
which corresponds to k > 6.5. An even stronger bound might be obtainable from limits 
on the right-handed neutral current coupling, since it is quadratic in the parameter ttj^; 
however, the extraction of this coupling requires more detailed analysis of higher order 
effects at the Z-pole in our model. 

7. Conclusions 

In this paper we have completed the construction of a phenomenologically viable higgsless 



model from theory space, by extending and generalizing the models of Refs. |17| and 
This model contains three features, which are crucial to any viable higgsless model of 
electroweak symmetry breaking. First, it contains a tower of vector bosons which delay 
the unitarity violation in the WlWl WlWl and WlZi — > WlZl scattering amplitudes. 



^The expression for the W^Wj^ ^l^l scattering amplitude can be obtained by taking the A'^ 
limit of Eq. (3.7) in Ref. 0. 
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while giving the correct mass for the standard model W and Z (and photon) as the lightest 
states in the tower. Thus, it can extend the applicability of the effective higgsless theory 
up to a higher scale in the 5-10 TeV range. This is accomplished using an SU{2) gauge 
symmetry on a theory-space interval, broken down to U{1) at the right end of the interval, 
and with gauge kinetic terms on each end of the interval. The normalization (A, A') of the 
gauge kinetic terms on the boundaries are easily arranged to give the correct mass for the 
SM and Z bosons. 

Second, it incorporates a cancellation of the large vector boson contributions to the S 
parameter, which generically occur in higgsless models. This cancellation is obtained by 
allowing the light fermion wave functions to leak away from the ends of the interval. In 
our model this leakage arises through boundary conditions and boundary kinetic terms for 
the fermions, where the light left-handed fields are predominantly located at the left end of 
the interval and the right-handed fields are predominantly located at the right end of the 
interval. The leakage of the left-handed fields into the bulk can be made to cancel the gauge 
boson contributions to 5, while keeping the T and U parameters naturally suppressed, by 
tuning the normalization ifi) of the universal left-handed fermion kinetic term on the left 
boundary. Meanwhile the normalization (t^^) of the right-handed fermion kinetic terms 
on the right boundary can be used to give the correct mass for each of the light fermions. 
Furthermore, multiple generations and fermion mixings arc implemented in the model, 
without introducing flavor-changing neutral currents, by conflning all flavor physics to the 
right-handed fermion brane kinetic terms, and imposing a global U{?>)quark ^ U{3)iepton 
symmetry on the bulk and left brane. 

Third, it has a realistic top quark mass and small nonstandard right-handed top and 
bottom couplings. To obtain this goal, while maintaining the good unitarity properties of 
the WlWl scattering, it was necessary to separate the overall gauge sector scale (l/Rg) 
from the overall fermion sector scale (l/Rf). This requires an explicit breaking of the 
five-dimensional Lorentz symmetry, which is theoretically allowed, since such symmetry is 
already broken by compactification and brane kinetic terms. In fact, within a theory-space 
model it can be considered natural, since the difference in the size of the scales is analogous 
to having different sizes of gauge and Yukawa couplings. By making l/Rf larger than l/Rg, 
it is possible to obtain the top quark mass. It is also possible to suppress any nonstandard 
right-handed top and bottom couplings, since for a fixed fermion mass, an increase in l/Rf 
requires a compensatory decrease in f^^, leading to a decrease in right-handed couplings. 

In this way, we have constructed a viable higgsless model with only three undetermined 
parameters, l/Rg, l/Rf, and the bulk fermion mass M. Since the bulk fermion mass does 
not seem to add any qualitatively new features to the model, it is reasonable to set M = 0, 
leaving us with a two-parameter model. The parameter l/Rg sets the scale of the vector 
boson excitations, and the parameter l/Rf sets the scale of the fermionic excitations. 
Just as the scale l/Rg cannot be too large and still effectively delay unitarity violation in 
WlWl — WlWl scattering, the scale l/Rf cannot be too large and still effectively delay 
unitarity violation in tt WlWl scattering. Thus, both of these scales are bounded from 
above, the exact bounds depending on the energy scale at which the effective higgsless 
theory must be replaced by a more complete theory. A reasonable upper bound for l/Rg is 
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in the 570-720 GeV range, while the upper bound for is much weaker, of order 30 TeV 

or more. Experimental lower limits on 1/ Rf from right-handed thW couplings arc in the 
range of 2-4 TeV. Precise experimental lower limits on 1/Rg require further investigation, 
although given the small couplings between the light fermions and the heavy W and Z' 
states, there appears to be a reasonable range for this parameter that is still allowed. 

In conclusion, we have presented an existence proof of a viable higgsless model, that 
can satisfy all current experimental constraints, as far as we know. It is certainly not the 
only higgsless model that may work, and it is probably too simplistic in many regards, 
but it has all of the features that any higgsless model must have. Thus, it offers a con- 
crete example for use to explore the phenomenology of higgsless models at the Tevatron 
and the LHC. In particular, it is worthwhile to further investigate its most relevant phe- 
nomenological aspects, with careful attention to those features which are general, rather 
than characteristic of any particular model. 

Acknowledgments 

This work was supported by the US National Science Foundation under grant PHY- 
0244789. 



References 

B. W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. D 16, 1519 (1977). 
S. Weinberg, Phys. Rev. D 13, 974 (1976). 
L. Susskind, Phys. Rev. D 20, 2619 (1979). 

C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev. D 69, 055006 (2004) 
[arXiv:hcp-ph/0305237]. 

C. Csaki, C. Grojean, L. Pilo and J. Terning, Phys. Rev. Lett. 92, 101802 (2004) 
[arXiv:hep-ph/0308038] . 

Y. Nomura, JHEP 0311, 050 (2003) [arXiv:hep-ph/0309189]. 

C. Csaki, C. Grojean, J. Hubisz, Y. Shirman and J. Terning, Phys. Rev. D 70, 015012 (2004) 
[arXiv:hep-ph/0310355]. 

H. Davoudiasl, J. L. Hewett, B. Lillie and T. G. Rizzo, Phys. Rev. D 70, 015006 (2004) 

[arXiv:hep-ph/0312193]. 

G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Phys. Rev. D 70, 075014 (2004) 

[arXiv:hcp-ph/0401160]. 

H. Davoudiasl, J. L. Hewett, B. Lillie and T. G. Rizzo, JHEP 0405, 015 (2004) 
[arXiv:hep-ph/0403300] . 

G. Burdman and Y. Nomura, Phys. Rev. D 69, 115013 (2004) [arXiv:hep-ph/0312247]. 
J. Hirn and J. Stern, Eur. Phys. J. C 34, 447 (2004) [arXiv:hep-ph/0401032]. 
N. Evans and P. Mcmbry, arXiv:hcp-ph/0406285. 

G. Cacciapaglia, C. Csaki, C. Grojean, M. Reece and J. Terning, arXiv:hep-ph/0505001. 



-24- 



[15] R. Barbicri, A. Poniarol and R. Rattazzi, Phys. Lett. B 591, 141 (2004) 
[arXiv:hcp-ph/0310285]. 

[16] S. Gabriel, S. Nandi and G. Seidl, Phys. Lett. B 603, 74 (2004) [arXiv:hep-ph/0406020]. 

[17] R. Foadi, S. Gopalakrishna and C. Schmidt, JHEP 0403, 042 (2004) [arXiv:hep-ph/0312324]. 

[18] N. Arkani-Hamed, M. Porrati and L. Randall, JHEP 0108, 017 (2001) 

[arXiv:hep-th/0012148]. 

[19] R. Rattazzi and A. Zaffaroni, JHEP 0104, 021 (2001) [arXiv:hep-th/0012248]. 

[20] M. Perez- Victoria, JHEP 0105, 064 (2001) [arXiv:hep-th/0105048]. 

[21] K. Agashe and A. Delgado, Phys. Rev. D 67, 046003 (2003) [arXiv:hep-th/0209212]. 

[22] A. Birkcdal, K. Matchev and M. Perelstein, Phys. Rev. Lett. 94, 191803 (2005) 
[arXiv:hep-ph/0412278]. 

[23] R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, 

arXiv:hcp-ph/0406077. 

[24] R. Sckhar Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Phys. Rev. D 

71, 035007 (2005) [arXiv:hcp-ph/0410154]. 

[25] H. Georgi, Phys. Rev. D 71, 015016 (2005) [arXiv:hep-ph/0408067]. 

[26] G. CacciapagUa, C. Csaki, C. Grojean and J. Terning, Phys. Rev. D 71, 035015 (2005) 
[arXiv:hcp-ph/0409126]. 

[27] R. Foadi, S. Gopalakrishna and C. Schmidt, Phys. Lett. B 606, 157 (2005) 
[arXiv:hep-ph/0409266]. 

[28] R. Casalbuoni, S. De Curtis and D. Dominici, Phys. Rev. D 70, 055010 (2004) 
[arXiv:hep-ph/0405188]. 

[29] R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Phys. Rev. D 71, 
115001 (2005) [arXiv:hep-ph/0502162]. 

[30] R. Casalbuoni, S. De Curtis, D. Dolce and D. Dominici, Phys. Rev. D 71, 075015 (2005) 
[arXiv:hep-ph/0502209] . 

[31] R. Sckhar Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Phys. Rev. D 

72, 015008 (2005) [arXiv:hep-ph/0504114]. 

[32] R. Sekhar Chivukula, D. A. Dicus and H. J. He, Phys. Lett. B 525, 175 (2002) 

[arXiv:hcp-ph/0111016]; 

R. S. Chivukula, D. A. Dicus, H. J. He and S. Nandi, Phys. Lett. B 562, 109 (2003) 
[arXiv:hep-ph/0302263] . 

[33] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Rev. Lett. 86, 4757 (2001) 
[arXiv:hep-th/0104005]. 

[34] C. T. Hill, S. Pokorski and J. Wang, Phys. Rev. D 64, 105005 (2001) [arXiv:hep-th/0104035]. 

[35] H. Georgi, arXiv:hep-ph/0508014. 

[36] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992). 



-25- 



[37] R. Barbieri, A. Pomarol, R. Rattazzi and A. Stnimia, arXiv:hcp-ph/0405040; 
R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabaslii, 
arXiv:hep-ph/0408262. 

[38] C. P. Burgess, S. Godfrey, H. Konig, D. London and I. Maksymyk, Phys. Rev. D 49, 6115 
(1994) [arXiv:hep-ph/9312291]. 

[39] C. Schwinn, Phys. Rev. D 71, 113005 (2005) [arXiv:hep-ph/0504240]. 

[40] F. Larios, M. A. Perez and C. P. Yuan, Phys. Lett. B 457, 334 (1999) 
[arXiv:hep-ph/9903394] . 



-26- 



